Abstract-A generalized two-way coupled-line power divider with extended ports for dual band is proposed in this paper. The power divider is composed of two section coupled-lines, one conventional transmission line, and an isolation resistor, and employs extension of a transmission line or coupled-line at each port. The design equations are obtained based on even-and odd-mode analysis, and analytical ideal closed-form scattering parameter expressions derived. Because the traditional ring structure is a special case of coupled line, four cases of this generalized power divider are discussed and compared. In addition, the six power dividers simulated results of three special cases are shown. Finally, three fabricated power dividers measurements are used to certify this proposed structure and corresponding design parameters.
INTRODUCTION
Power dividers are well-known three-port devices, and very important for microwave and millimeter-wave systems, which can be widely used in balanced power amplifier, radar system, feeding networks for antenna arrays, measurement systems, mixers and phase shifters etc.. As is well known, the original power divider developed by Wilkinson [1] consists of two quarter-wavelength lines and operates in a single band. Rapid developments in modern wireless communication have imposed their components to operate at dual-band and multiple bands. The corresponding dual-frequency power divider with analytical design method was developed after Dr. Monzon derived the closed-form design equations for the dual frequency impedance transformer [2] , and various novel structures have been proposed in 32] . To satisfy the ideal isolation and improve the matching characteristics, new isolation structures including parallel RLC and series RLC are proposed in [3] [4] [5] [6] . The papers [7] [8] [9] [10] introduce modified impedance matching structure, and the dual-band power dividers are presented in [11, 12] without reactive components, N-way and multi-way dual-band planar power dividers are discussed in [14] [15] [16] [17] [18] [19] . In order to reach high power combining application, the paper [21] presented dual-band unequal Gysel power divider with arbitrary termination resistance. However, the proposed power divider was only for dual-band applications. In [22, 23] , the novel methods are presented for the design of multiband power dividers. After decreasing the inherent circuit size of the conventional Wilkinson power divider and to develop high performance power dividers, coupled-line sections are used to design power divider [24] [25] [26] [27] [28] [29] [30] [31] . The power divider given in [24] is single-band design, and provides more freedom of design parameters. The dualband power divider two-section cascaded coupled-line structure in [25] has small frequency-ratio limitation, but frequency-ratio limitation of the dual-band divider is improved in [26] . It is necessary to point out that these coupled-line power dividers are one form of the structure in [27] . Obviously, the coupled-line dual-band power divider has compact size. In addition, other coupled-line power dividers are studied in [28] [29] [30] [31] .
In this paper, a generalized coupled-line two-way power divider with extended ports for dual band is proposed, which has two section coupled-lines, one conventional transmission line, and one isolation resistor. The coupled-line has compact structure and flexible design parameters due to the introduction of even-and odd-mode impedances. Based on the even-and odd-mode analysis, rigorous design equations and analytical ideal closed-form scattering parameter expressions are derived. The design parameters can be calculated by solving nonlinear design equations which are obtained by the conventional even-and odd-mode analysis. Since the traditional transmission line is a special case of coupled line, four cases of this generalized power divider are discussed and compared. In addition, the simulated results of three special cases are shown and three fabricated power dividers certify this proposed structure and corresponding design parameters. This paper can be considered as an extension of the Wilkinson power divider [9] . Figure 1 . Proposed generalized coupled-line dual-band two-way Wilkinson power divider. Figure 2 . The equivalent circuits for (a) the even-mode analysis and (b) the odd-mode analysis. Figure 1 illustrates the basic circuit structure of the proposed coupledline power divider with extended ports. The structure includes two section coupled-lines, one conventional transmission line, and one isolation resistor. Without loss of generality, the port 1 connects impedance Z A while the output ports 2 and 3 connect impedance Z B .
CIRCUIT STRUCTURES AND DESIGN THEORY
The microstrip transmission line with characteristic Z 1 and electrical length θ 1 , these coupled lines impedances Z ie and Z io , and electrical length θ i , where i = 1, 2, the isolation structure consists of a lumped resistor R.
Analytical Nonlinear Equations for Parameters Design
An ideal equal dual-band power divider should satisfy that all ports are matched and two output ports (Port 2 and Port 3 shown in Figure 1 ) are isolated perfectly. After applying the even-and odd-mode analysis, the following relationship of the parameters in Figure 2 (a) must be satisfied:
After several algebraic operations, the real and imaginary parts are expressed as:
Similarly, from Figure 2 (b), the following equations including the isolated resistor can be written as:
Using (6), (7), and (8), the real and imaginary parts can be obtained as follows:
Once the terminal impedances Z A , Z B , Z C and the electrical lengths θ 1 , θ 2 and θ 3 are determined, optimization algorithms are then used to obtain the final desired values, such as Z 1 , Z 2e , Z 2o , Z 3e , Z 3o and R can be obtained according to the analytical design Equations (4), (5) and (9), (10) .
Analytical Ideal Scattering Parameters
In order to improve the power dividers designing, it is necessary to study the theoretical scattering parameters of the generalized power divider. Due to symmetry of the circuit shown in Figure 1 , the relationship (11) must be satisfied [27] . So, we only need to obtain the scattering parameters S 11e , S 21e , S 22e and S 22o , we will know the ideal-closed form equations for scattering parameters. The even-mode ABCD-matrix between two ports (Port 1 and Port 2) is expressed from Figure 2 (a) as follow (12):
Similarly, from Figure 2 (b), the odd-mode ABCD-matrix can be obtained as following (13):
According to the transformation between scattering parameters and ABCD-matrix parameters, the ideal closed-form even-mode and oddmode S-parameters (Z A and Z B are real resistances) can be obtained as (14)- (17), based on combining (11) and (14)- (17), the analytical mathematical equations can obtain for the proposed generalized power divider in Figure 1 .
SIMPLIFIED DESIGN PARAMETERS AND SPECIAL CASES
In order to simplify design parameters, we assume (4), (5) and (9), (10) are simplified as (18):
To ensure that the above equations can be satisfied simultaneously at both frequencies f 1 and f 2 = mf 1 , m ≥ 1 (m is the frequency ratio), and to design compact power divider, the corresponding electrical lengths of each section at the frequencies f 1 and f 2 can be expressed as [32] :
Because the traditional microstrip transmission line is a special case of coupled-line, this proposed generalized power divider can be reduced four special cases power dividers. These special cases are summarized as follows (Case A to Case D).
Case A
When Z 2e = Z 2o = Z 2 and Z 3e = Z 3o = Z 3 , this two-section coupledline become two traditional microstrip transmission lines, the structure employs transmission line extensions at each port of the conventional Wilkinson power divider. In this approach, all three ports of the power divider have extensions for the dual-band operation without any coupling between them. The design Equation (18) become (20) , this is a closed-form design, four Equation (20) and four free magnitudes (Z 1 , Z 2 , Z 3 , R),these results have been published in [9] is a special case of this generalized power divider.
Case B
When only Z 2e = Z 2o = Z 2 , one coupled-line becomes traditional microstrip transmission line, two output ports extended and coupled through a coupled-line section and the input port extension through a transmission line. The design Equation (18) become (21), solving these nonlinear design equations, the design parameters are calculated. This structure similar [26] , but has the input port extension. Two examples (Example B1-Example B2) with different frequency-ratios are designed and simulated, and the detailed design parameters are listed in Table 1 . The amplitude responses of S-parameters over different frequency ranges are shown in Figure 3 . Obviously, ideal return loss of each port and isolation between output ports are attained, with insertion loss of 3.01 dB at two desired frequencies simultaneously in these two examples. 
Case C
When only Z 3e = Z 3o = Z 3 , one coupled-line becomes traditional microstrip transmission line, and the structure employs transmission line extension at each port of the coupled-line power divider. The design Equation (18) become (22), and solving these nonlinear design Equation (22), the design parameters are calculated. Two examples (Example C1-Example C2) with different frequency-ratios are designed and simulated, and the detailed design parameters are listed in Table 1 . The amplitude responses of S-parameters over different frequency ranges are shown in Figure 4 . In these examples, ideal matching of each port, isolation between output ports, and insertion loss of 3.01 dB are satisfied at two desired frequencies simultaneously.
Case D
When the generalized coupled-line power divider with extended ports has two section coupled-lines, one conventional transmission line and an isolation resistor, the nonlinear design equations are (18) , which has compact structure and flexible design parameters, solving nonlinear design Equation (18) by optimization algorithms, the design parameters are obtained. Two examples (Example D1-Example D2) with different frequency-ratios are designed and simulated, and the detailed design parameters are listed in Table 1 . The amplitude responses of S-parameters over different frequency ranges are shown in Figure 5 . The matching of both the input port and output ports at two frequencies is ideal, isolation between output ports at two frequencies is perfect, and the insertion loss equals to 3.01 dB at two desired frequencies simultaneously. In addition, when the frequencyratio is relatively small, these generalized power dividers can be used as wideband ones, such as Example B1, Example B2 and Example D1. Moreover, we need to indicate is that the simulated transmission line and coupled-line using ideal no-loss transmission line and coupled-line in the above cases.
Comparison of Four Special Cases
In order to compare the performance of proposed power divider with four cases at the same frequency ratio, we have designed four power dividers Case 1, Case 2, Case 3 and Case 4, and corresponding to the four cases Case A, Case B, Case C and Case D, respectively. Without loss of generalization, here, assume that the frequency ratio m = 2.3, f 1 = 1.0 GHz, not a special value. So, four power dividers are working at 1 GHz/2.3 GHz, the detailed design parameters are listed in Table 2 . The amplitude responses of S-parameters at the same frequency ranges with four cases are shown in Figure 6 . Moreover, we need to indicate is that the simulated transmission line and coupled-line using ideal no-loss transmission line and coupled-line too.
From the simulation results we can see that, the performance of Case 2 is the best in the whole frequency range, the other three cases very close. However, compared with Case A with conventional transmission lines, Case B-Case D with coupled-line has advantages, such as compact structure and flexible design parameters due to introducing even-and odd-mode impedances. Table 2 . The design parameters of four cases.
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EXPERIMENTAL RESULTS
In this section, to certify this structure and design parameters, a Case B power divider operates at 1 GHz and 2 GHz, a Case C power divider operates at 1 GHz and 2.5 GHz, and a Case D power divider operates at 1 GHz and 1.5 GHz are fabricated in microstrip technology, respectively. The design parameters are obtained from Example B2, Example C1 and Example D1 in Table 1 , which is given in Section 3. In these three examples, a practical substrate with the relative dielectric constant of 2.55 and the height of 1 mm is applied. And the final photographs of the fabricated power dividers are shown in Figure 7 , all the measured results shown in Figure 8 are collected from Agilent N5230C network analyzer. The measured S-parameters of the Example B2 dual-band power divider are presented in Figure 8 (a). It shows excellent performance with the insertion loss of 3.07 dB and 3.17 dB at two desired frequencies simultaneously, return loss and isolation better than −15 dB from 0.73 to 2.4 GHz, the power divider can be used as wideband.
From Figure 8 (b), in this Example C1 dual-band power divider, the absolute value of transmission parameters S 21 is 3.12 dB and 3.37 dB at two desired frequencies simultaneously, the output matching parameters S 22 and the isolation S 32 are below 30 dB, but the input matching parameters S 11 has a little frequency shift at 2.5 GHz.
From Figure 8 (c), the transmission parameters S 21 is approximately 3.02 dB and the corresponding values are 3.025 dB and 3.018 dB at 1 GHz and 1.5 GHz, the good isolation between the output ports S 32 , the input matching S 11 and the output matching S 22 are below −15 dB from 0.82 to 1.68 GHz, the power divider can be used as wideband too.
CONCLUSION
A generalized coupled-line power divider with extended ports for dual band has been proposed, analyzed, designed, and implemented in this paper. The power divider employs transmission line or coupled-lines extensions at each port. The design equations have been obtained by using rigorous even-and odd-mode analysis, and analytical ideal closed-form scattering parameter expressions are derived. Because the traditional microstrip transmission line is a special case of coupledline, the proposed power divider can be regarded as a generalized model, which combines the dual-frequency modified Wilkinson power divider [9] and other three special cases have discussed above. The analytical design process is verified by experiments including three examples with different structures and frequency-ratios. The results of practical microstrip power dividers indicate that it can operate at desired dual-band with good performances in return loss, equal power dividing and isolation. Actually, this proposed power divider is very suitable for the microstrip circuit implementation in dual-band wireless systems.
